One of major limitations of traditional phase shifters based on pin diode or FET, is the low power level which they can be handled before nonlinear phenomena occur. Also silicon based phase shifters can only provide discrete phase shift, so if reasonable resolution is desired, a large number of devices must be employed, and consequently high insertion losses will occur. In this paper a new type of phase shifter is proposed and tested. It is based on the property that the dielectric constant of ferroelectric materials can be modulated under the effect of an externally applied electric field. Due to the high tunability and low dielectric losses of the new device, a phase shift larger than 160" with insertion loss below 3dB and power consumption below 1mW is achieved.
INTRODUCTION
The phase-shift capability of FEM results from the fact that if we are below the Curie temperature [I] , the dielectric constant of such a material can be modulated under the effect of an electric bias field. Particularly, if the electric field is applied perpendicularly to the direction of propagation of the electromagnetic signal, the propagation constant (P.27&) of the signal [2] will depend upon the bias field since p = 2 K , / g / & and E, = €, (v,,) . The total wave delay will become a function of the bias field, and therefore this will produce a phase shift A@=Ap[, where 1 is the length of the line. The reason why FEM hasn't been widely used for microwave applications to date is mainly because of the large bias voltage required to change the dielectric constant (typically a waveguide phase shifter based on FEM requires a bias voltage of 2kV [31), and due to the high losses in the material. Use of a new sol-gel technique for the synthesis of high quality low loss barium modified strontium titanium oxide (Bal-xSrxTi03) [4] [5] , combined with the use of a thin ceramic structure, greatly reduces the insertion loss and the bias voltage. This yields a new family of devices competitive with other types of electrically tunable phase shifters. For confirmation of the superior quality of our material compared to commercial products, a set of resonant cavity measurements have been performed on different samples of barium modified strontium titanium oxide, the results are reported in Table 1 Use of this new family of thin ceramics integrated in a microstrip set-up allows a phase shift greater than 160' with bias voltage below 250V. and a total power consumption below I mW.
PHASE SHIFTER DESIGN AND CONSTRUCTION
The schematic layout of the electrically tunable microstrip based phase shifter is shown in Fig.1 (the matching circuit is not shown for clarity). The total length of the strip will determine the maximum phase shift which can be obtained for a fixed change of the pmpagation constant CAP). associated with the maximum bias voltage applied.
The ratio between the microstrip line width (w) and the substrate thickness (r) will determine the characteristic impedance of the phase shifter (for a given dielectric constant). Blecause the substrate thickness is of the order of 0.1" and the effective dielectric constant of the ceramic is on the order of 600, we need to choose w as small as possible in order to be able to match the circuit with a 50Q system. Widths below 50pn are not very practical due to the associated high ohmic resistance and due to difficulties in the fabrication process. The thickness of the substrate also determines the required bias field to obtain a desired shift. For example Ba08Sr0,2Ti@ has a break down field strength of the order of 12MV/m and therefore it requires an elrxcuic field strength of 25oOkV/m in order to show a pronounced change in their dielechic constant. For this reason in order to have a bias voltage below 3oOV, a thickness of 0.15mm or less must be used. A substrate thinner than 0. 1" is impractical because besides the fact that it is hard to manage, it also leads to a microship line characteristic impedance which is too low to be useful.
MEASURED PERFORMANCE
Measurements for the Szl phase (in the frequency range between 1 and 3 GHz) are shown in Fig.2 for selected bias points. Because of the way the matching circuit was designed we observe the magnitude of S:?I having a total change smaller than 2 dB in the frequency range 1.6-3GHz. This makes the device particularly suitable for broadband operations. The insertion loss at 2.43 GHz is below 4dB with no bias field, and reduces to 2.6dB when a bias field of 250V is applied. Particular attention was dedicated to the design of the matching circuit to minimize the variation of insertion losses between biased and unbiased conditions. This goal was successfully achieved with the observation that FEM lossess decrease under bias condition [l] . This property can be used by having a very well matched circuit in the unbiased condition (S11=-30dB) and worse matching under biased condition (SI I=-1 1dB). With this approach we reduce the maximum total change of insertion loss to 1.6dB. This concept is essential for a good design of this type of phase shifter.
CONCLUSIONS
A new design for planar phase shifter circuits has been presented and a design methodology to obtain low loss broad band phase shifter operating at 2.43 GHz has been outlined. Measurements show net improvement over existing phase shifters, in terms of broad band capability and reduction of loss. Because of the way the phase shifter operates, high microwave power can flow throw it before nonlinear phenomena occur. Use of planar structure devices allows the integration of this new type of phase shifter with conventional microwave circuits.
